We consider the flow induced by a sphere, contained in an otherwise quiescent body of fluid, that is suddenly imparted with angular momentum. This classical problem is known to exhibit a finite-time singularity in the boundary-layer equations, due to the viscous boundary layer, induced by the sudden rotation, colliding at the sphere's equator. We consider this flow from the perspective of the post-collision dynamics, showing that the collision gives rises to a radial jet headed by a swirling toroidal starting vortex pair. The starting vortex propagates away from the sphere and, in doing so, loses angular momentum. The jet, in turn, develops an absolute instability which propagates back towards the sphere's equator. The starting vortex pair detaches from the jet and expands as a coherent (non-swirling) toroidal vortex pair. We also present results of some new experiments which show good qualitative agreement with our computational results.
Introduction
The flow induced by rotating solid bodies is one of considerable importance in fluid mechanics. Within this broad class of the flows, the flow exterior to a rotating sphere provides a paradigm for the study of many fundamental questions in fluid mechanics, in particular the phenomena of boundary-layer collisions and unsteady boundary-layer separation. If a sphere immersed in a body of fluid, and initially at rest, is imparted with angular momentum, the boundary layers that develop on the sphere's surface are advected around the sphere from the poles to collide at the equator. The study of this boundary-layer development process, and subsequent collision, has a long history, first being considered by Howarth [1] and subsequently by Banks [2, 3] , and Banks & Zaturska [4] . The last study demonstrated that the boundary-layer collision is manifest in the boundary-layer equations through the development of a finite-time singularity. The structure of this singularity, and the time at which it occurs, was first considered by Simpson & Stewartson [5] and later by Duck & Dennis [6] and van Dommelen [7] . Van Dommelen, using the Lagrangian approach developed by Cowley et al. [8] , was able to obtain a more accurate prediction of the time for the onset of the finite-time singularity.
In addition to their relevance to impulsively started flows, boundary-layer collisions are also important in the context of unsteady boundary-layer separation and they arise in a number of other simple, but important, fluid flow problems. One such example is to be found in the starting flow in a curved pipe, a flow that has a number of applications in physiology (e.g. Pedley [9] for a discussion of the relevance of this flow to that in the aortic arch). The sudden imposition of a constant pressure gradient was shown by Riley [10] to result in a collision of boundary layers at the inside bend of the pipe, the collision being a manifestation of a finite-time singularity in the boundary-layer equations. A similar phenomena manifests in the entry flow in a curved duct, the physical signature of this breakdown being a thickening of the boundary layer on the duct wall, as shown by Stewartson et al. [11] . Experimental evidence for this collision process, and the subsequent thickening of the boundary layer due to the singularity, has been provided by Kluwick & Wohlfahrt [12] (for the entry flow in a curved duct) and Boiron et al. [13] (for the starting flow in curved duct). In both cases, results from computation, large Reynolds number asymptotic theory and experiment can be drawn together to provide a description of the boundary layer's development and subsequent thickening due to the singularity.
This approach has also been used to great effect in explaining the dynamics of the flow within a fluid-filled torus. A series of experiments conducted by Madden & Mullin [14] (and subsequent experiments by del Pino et al. [15] using the same apparatus as Madden & Mullin) , in which the torus' rotation rate was impulsively (suddenly) changed, demonstrated rich and complex dynamics in this class of unsteady flows, including a transition to a transient turbulent state, as the flow evolves from one stable state to another. Many of the experimentally observed features found by Madden & Mullin [14] were subsequently explored using a combination of computational and asymptotic methods by Hewitt et al. [16] , also building upon the experimental work by del Pino et al. [15] . In particular, Hewitt et al. [16] demonstrated that the boundary layers that develop within the flow, as a result of the impulsive change in rotation rate, collide and erupt as a result of a finite-time singularity; the pre-collision dynamics mimicking that which occurs within the boundary layer on an impulsively spun sphere. The position at which this phenomena occurs depends upon the initial rate of rotation. Hewitt et al. [16] provided strong evidence that this finite-time singularity coincided with the development of an observable band in the top-down flow visualization experiments of Madden & Mullin [14] . Recent work by Calabretto et al. [17] has shown the dynamics of this flow to be very sensitive to the precise structure of the torus, highlighting the impact of even small imperfections that may arise in the manufacturing process on the resulting flow dynamics.
Our concern here is not with internal flows but the flow due to a rigid sphere, suddenly imparted with angular momentum. This much studied flow has been used as the paradigm for the exploration of the development of finite-time singularities in the boundary-layer equations and the consequential unsteady boundary-layer separation that results from the singularity [1, [4] [5] [6] [7] . Unfortunately, the flow dynamics after the development of this singularity are not (yet) amenable to asymptotic analysis (at high Reynolds numbers), and no suitable asymptotic description is possible at lower Reynolds numbers. To further elucidate the behaviour of this flow, one must therefore resort to either experimental means or computational methods. Such is the aim of this paper.
In the early 1960s, a remarkable series of experiments were conducted in the Cavendish Laboratory of Cambridge University by Bowden and co-workers [18, 19] . In these experiments, a metal sphere was magnetically levitated and spun using induction. The induction served to heat the surface of the sphere, which, in turn, impacted upon the density of the fluid (often air in Figure 1 . Schlieren photographs of the radial jet resulting from the flow around a rotating sphere. All results were obtained with air as a working fluid. Shown are cases with equatorial speed increasing from 6 ms −1 in (a) to 18 ms −1 in (e). The image in (f ) is the result of an experiment for a rotating cylindrical half body. It is of no relevance to our work but is included here for completeness. Reproduced with permission from [18] . Copyright Royal Society of London.
these experiments, but also more exotic gases) within the boundary layer at the sphere's surface. The result was a radial jet ejected from the sphere's surface with a slightly different density from that of the surrounding, quiescent fluid. This density difference allowed Bowden & Lord [18] to make use of Schlieren photography to visualize the radial jets (figure 1).
It will not be possible to provide a direct comparison between these experimental results and our computational results as the precise details of the experiments are not provided by Bowden & Lord [18] . In particular, they do not report the ambient temperature of the air in the experiment, and so we cannot obtain an accurate value for the viscosity or density. However, we can make some good estimates of the system parameters by appealing to some of the information provided in [18] . We know that the results presented in figure 1 were obtained in air. If we assume, as seems the case from the statement on p. 153 of [18] , that the experiments were conducted at atmospheric pressure, and further assume that the ambient temperature in the laboratory was 20 • C, then we can estimate a value of the air's kinematic viscosity as ν = 15 mm 2 s −1 [20] . With a sphere of 1 2 inch diameter (radius a = 0.00635 m) we have, with the Reynolds number defined by [18] Re = a 2 Ω ν , angular velocities of 6 ms −1 and 18 ms −1 (the low and high values of angular velocity for the experiment represented in figure 1 , quoted in [18] ) equating to Reynolds numbers of Re = 2500 and Re = 7500, respectively. Although these Reynolds numbers cannot be accurate (as the air around the sphere is heated, and so the density must change, thus changing the kinematic viscosity), they do provide a range of Reynolds numbers with which to make qualitative comparisons between our results and these experiments. Also, irrespective of the exact Reynolds number in the experiments leading to the image in figure 1a , the flow Reynolds number in each successive figure (b-e) changes according to the ratio of the speeds, namely 6:9:12:15:18 (assuming, of course, that the experiments were conducted under otherwise identical conditions). Interestingly, Bowden & Lord [18] comment that the flow in their work may be assumed to be laminar. They base this upon the fact that, at the time their experiments were conducted, the critical value of the Reynolds number for transition to turbulence on a disc was approximately 3 × 10 5 , and that the maximum values of their Reynolds numbers were considerably lower than this (our estimate of an upper bound on their Reynolds number for the experiments in figure 1 is, approximately 7700). We presume these comments are based upon the predictions made by Gregory et al. [21] for the critical Reynolds number in the flow above a rotating disc (although we note that no reference is given in [18] as to where this assertion comes from).
In the years following the experiments of Bowden & Lord [18] , there have been a number of other experimental studies of the transition to turbulence on the surface (i.e. within the boundary layer) on a rotating sphere. Most important among these are those conducted by Kohama & Kobayashi [22] , who clearly demonstrate that an instability develops within the boundary layer at a latitude approximately 70 • from the equator at Reynolds numbers above approximately Re = 11 000. Garrett & Peake [23] confirmed these experimental results and shown that the boundary layer around this location is, indeed, susceptible to an instability that manifests physically as a spiral vortex, contained within the boundary layer. More recent work by Barrow et al. [24] has demonstrated that this instability is a global one.
Importantly, from our perspective, is the fact that these instabilities are three-dimensional and so will not be observed in our computations (we have explicitly precluded this form of instability by imposing the azimuthal symmetry; that is, we have no φ-dependency in our equations and so φ-dependent instabilities are not possible). The conjecture by Bowden & Lord [18] that the flow is laminar at their Reynolds numbers is supported by the experiments of Kohama & Kobayashi [22] . We can therefore be confident that their experiments report the development and subsequent collision of laminar boundary layers on the sphere surface. Any 'turbulent' flow that they refer to should, therefore, be related to the post-collisional structure within the radial jet. Comparison between our computational study and their experimental work is both valid and appropriate.
We also note that more recent experiments by Hada & Ito [25] demonstrate a radial jet that develops an absolute instability at a Reynolds number of 2600, 1 which is an order of magnitude lower than the critical Reynolds number for the boundary layer reported by Kohama & Kobayashi [22] . There is no evidence of this instability in the Bowden & Lord experiments at such a low Reynolds number (figure 1a), although at higher Re there is a clear shortening of the radial jet. This suggests that the low critical Reynolds number found by Hada & Ito [25] may be due to an asymmetry introduced through their experimental set-up. 1 We have converted Hada & Ito's [25] quoted values of rotation rates to our definition of the Reynolds number Re =
Ωr
2 /ν using a value for the kinematic viscosity of air, at 20 We consider the axisymmetric development of the flow outside a solid sphere, within a large cylindrical container of quiescent fluid. We make use of the computational package Semtex [26] , which exploits high-resolution spectral element discretization of the Navier-Stokes equations. Because of the symmetry, we can make use of a spectral element scheme naturally implemented in cylindrical polar coordinates, in which the poles of the sphere are aligned with the axis of the cylinder, allowing a natural symmetry boundary condition to be applied. From a computational perspective, the sphere is taken to be immersed within the fluid body with no attachment to the external container, thus mimicking, as much as is possible, the experimental configuration of Bowden & Lord [18] .
The results of our calculations show that the post-collision process gives rise to a radial jet preceded by a toroidal swirling starting vortex. The jet lengthens with time, leading to a subsequent detachment of the starting vortex (in which the swirl component of velocity has decayed), which then propagates away from the sphere through the fluid domain. At suitably large Reynolds numbers, the radial jet develops an absolute instability, which propagates back towards the sphere. New flow visualization experiments confirm the vortex structure and the onset of the absolute instability. Good qualitative agreement with the experiments of [18] is obtained, in particular, 'the existence of the radial jet is clearly demonstrated and it will also be noted that as the speed is increased the apparent radial extent of the jet decreases, suggesting that the jet becomes turbulent'.
Rotationally symmetric Navier-Stokes computations
We consider a sphere of radius a, immersed in a large cylindrical container of incompressible fluid of density ρ and kinematic viscosity ν. The sphere is initially stationary and, at time t = 0, begins to rotate, rapidly acquiring a constant angular velocity. The flow is governed by the unsteady Navier-Stokes equations, which in generalized coordinates can be written as
together with the equation of continuity
Here we have non-dimensionalized all length scales with respect to the sphere radius a, velocities with respect to aΩ, where Ω is the final rotation (constant) rate of the sphere, and time with respect to a characteristic timescale Ω −1 ; the Reynolds number in (2.1) is given by
Equation (2.1), when referenced in terms of spherical polar coordinates (r, θ, φ) with corresponding velocity components (u r , u θ , u φ ), must be solved subject to the boundary conditions
Here the functionΩ(t) is introduced to allow for the spin-up from rest of the sphere; it will typically take the formΩ
where t s > 0 is defined as the ramp-up time (that is, the time taken for the sphere to be spun up to its final angular velocity). In addition to the boundary condition at the sphere's surface, the flow must also satisfy the full no-slip boundary conditions on the surface of the cylindrical container in which the sphere resides. All results reported here are for a spin-up time t s = 2. Changes in t s only serve to change the precise time at which the flow features, to be described below, develop (see Calabretto [27] for details). The flow can be described asymptotically for small times (and in the context of the viscous boundary layers that develop on the sphere surface, as a result of the change in angular momentum), a problem that has been considered by a number of authors (e.g. [5] ). For O(1) times, recourse must be made to computational techniques in order to explore the evolution of the flow. As noted earlier, we solve this problem numerically using Semtex [26] , embedding the sphere within a larger volume of fluid contained in a large, flat cylinder. The full no-slip boundary conditions are then applied on all rigid surfaces (i.e. the surfaces of the bounding cylinder and the sphere). The bounding cylinder is chosen to be sufficiently large that its presence does not affect the flow dynamics, at least for the O(1) times immediately following the spinup and the subsequent boundary-layer collision. Of course, at longer times the unsteady flow driven by the rotating fluid will impact with the external walls of our computational container. Our focus here is with the flow dynamics before any such interaction may occur. Extensive grid resolution studies were conducted; these are detailed in Calabretto [27] . The final computational domain had dimensions of 12 × 25.2 sphere radii, with the sphere was centred within this domain. A computational grid, consisting of 1050 elements, each containing 36 × 36 Lagrange knot points, was used for all cases reported here. This choice was found to provide fully resolved flows structures for the largest Reynolds numbers reported here. Figures 2 and 3 show contours of the azimuthal velocity component u φ for flow Reynolds numbers Re = 2000 and 4000, at a number of (various) times after the initiation of spin-up. These particular times are chosen to highlight the significant changes in the flow dynamics for each Reynolds number and are different in each figure, and subsequent figures. Three distinct features of the flow can be seen. Initially, the change in angular velocity results in the development of a boundary layer, as shown in figure 2a , and, as a consequence of the centrifugal forces generated by the spinning sphere, the boundary layers generated on the surface are advected around the sphere cross-section, towards the equator, resulting in the characteristic boundary-layer collision (figures 2b and 3a). As a result of this collision, an equatorial (radial) free jet develops, as can be seen in figures 2b-f and 3b-h, the head of the jet forming a typical starting plume structure as it penetrates into the otherwise quiescent fluid surrounding the sphere. The continual ejection of fluid from the colliding boundary layers at the sphere's surface sustains the radial jet, which is now several sphere radii in length. This contour plot shows the clear decay of the azimuthal velocity with distance from the sphere whereas both the axial and radial velocity components at the jet's end remain substantial, as can be seen from the contour plots presented in figure 4 .
A more energetic flow, characterized by a larger Reynolds number, presents a similar picture of the flow, however, it elicits a few important and interesting differences in the global flow dynamics. Figure 5 again presents contour plots of the azimuthal velocity component, now for a flow Reynolds number of Re = 8000, at various times post spin-up. The initial flow dynamics for the Re = 8000 case are qualitatively similar to that of the lower Reynolds numbers presented earlier. Again, boundary layers are generated by the impulsive change in rotation rate of the sphere, this time thinner than the Re = 2000 and 4000 cases. The jet is now thinner (we will return to this matter later) and, although the spatial development of the jet is similar to the Re = 2000 and 4000 cases, we observe a 'thinning' of the jet, near to where it is attached to the starting vortex (figure 5e-g). At later times (figure 5h), the azimuthal component of velocity has decayed and we can no longer see this feature of the flow.
Increasing the Reynolds number even further serves to emphasize this feature, as shown in figure 6 , for a Reynolds number Re = 16 000. Here we have modified the contour levels so as to better highlight the decaying azimuthal velocity component at later times. Figure 6a shows this 'thinning' in multiple regions of the jet, which is seen to be the first signs of the development of an absolute instability, 2 most readily seen in figure 6c- amplitude and propagates back towards the sphere's surface, the head of the plume remaining attached to the radial jet, with no evidence of the toroidal vortex pair breaking off from the main jet. Figure 7 again presents contour plots of the azimuthal velocity component, now for Re = 32 000. Initially, for this Reynolds number, we obtain a similar picture of the flow in as much as we see the development, and subsequent collision of boundary layers, resulting in the formation of the radial jet (figure 7a-e). At this time, the major difference for the Re = 32 000 case is the significantly thinner boundary layer and radial jet. As with the Re = 16 000 case, the jet develops an absolute instability, which propagates back towards the surface of the sphere, as shown in figure 7f -h. However, prior to the development of this absolute instability, a coherent toroidal vortex pair breaks off from the main jet and continues to propagate outwards from the sphere's surface (figure 7f ). After the vortex pair detaches, the azimuthal component of velocity decays rapidly until we are left with an unstable (and much shortened) radial jet with a coherent, nonswirling, toroidal vortex pair propagating away from the sphere. We now turn our attention to the decay of the azimuthal velocity component in the radial jet. In figure 8 , we present plots of the azimuthal velocity versus distance for Reynolds numbers Re = 2000, 4000, 8000 and 16 000 and a variety of times. Considering first the case Re = 2000, we observe that at time t = 15, the azimuthal velocity decays rapidly from the surface of the sphere, at r = 1. For later times, the azimuthal velocity decays exponentially until it reaches a radial position at which it drops rapidly to zero, representing a rather sharp boundary between the head of the jet and the quiescent fluid. A similar behaviour is seen at higher Reynolds numbers. In particular, we note what appears to be a universal decay of u φ with r at later times (i.e. when the jet has the largest radial extent). A log-log plot in figure 9 shows that this decay is clearly linear, demonstrating a 1/r n decay, where n is found numerically to be approximately 2.1. A similar calculation for the radial velocity component (not shown here) yields a decay 1/r m , where m is found numerically to be 0.99.
Importantly, these results demonstrate that the azimuthal velocity in the jet decays a finite distance from the sphere, beyond which the rotation of the sphere no longer impacts upon the angular velocity of the fluid. At this point, however, the radial and axial velocity components are not zero. This can most readily be seen in the contour plots of in-plane vorticity presented in figure 10 for a Reynolds number Re = 16 000 (and is also evident in the axial and radial velocity contours for Reynolds number Re = 4000, figure 4 ). The in-plane vorticity also clearly emphasizes the vortex pair at the end of the radial jet.
It is instructive to further compare our computational results with the predictions of Riley [28] for the decay of velocity in a radial jet. In our notation, Riley's similarity solution can be written, for large r, in the form
where the similarity variable η is given by η = Az/(νr), 2f = sech 2 (η/2) and A and are constants (see Riley [28] , equation (4) and p. 442). Our estimate of 2.1 for the exponent in the decaying azimuthal velocity and 0.99 for the radial velocity agrees well with the theoretical values of 2 and 1 (respectively) predicted by Riley [28] . Although we cannot make a direct comparison with the experimental results of Bowden & Lord [18] , we may still make some comments about the apparent decay of the radial jet with distance from the sphere. Before doing so, we note that the results from [18] , included in figure 1, do not give any indication of a time scale. We can only presume that the images in this figure, taken using Schlieren photography, were taken some time after the sphere has begun rotating and so represent, in some sense, the 'steady' state of the radial jet. Importantly from our perspective, however, is the fact that the speeds in the figures vary linearly, from a speed of 6 ms −1 to a maximum speed of 18 ms −1 . The flow Reynolds number, therefore, differs by a factor of three in going from the image in figure 1a-e. Although we are not able to provide an accurate prediction of the quantitative relationship between jet length and Reynolds number from these results, it is clear that an increase in Reynolds number serves to shorten the jet. This may result from the onset of the absolute instability, which propagates further back towards the sphere's surface with an increase in Reynolds number, making the steady radial jet appear shorter for higher Re. Our results from figure 8 are for times prior to the onset of the absolute instability, as we were considering the azimuthal decay of the steady radial jet, so we do not observe an appreciable change in jet length for different Reynolds numbers.
Turning our attention now to the characteristics of the radial jet, figure 11 presents details of the jet thickness as a function of time, at two particular radial locations, 0.44 and 0.8 radii from the outer rim of the sphere. The jet thickness was determined using the computed values of the azimuthal velocity component, and defined to be the width at which this velocity is 1% of the value at the jet centreline. At both 0.44 radii and the slightly larger radial location, 0.8, presented in figure 11b , a clear Re −1/2 scaling is evident. We note that at this radial location the determination of the jet thickness becomes slightly more problematic, giving rise to the slight jumps that appear in the Re = 2000 and Re = 4000 data seen in this figure. Most important, however, is that this Re −1/2 scaling agrees with that for a radial jet as first demonstrated by Riley [28] . Thus, both the predictions of Riley [28] for the jet thickness and decay of radial and azimuthal velocity are born out by the results of our computations.
Experimental results
A simple flow visualization experiment was designed in an attempt to capture the development of the starting vortex. A solid sphere, in this case, an '8-ball' of diameter 2 1 4 ± 0.005 inch or 57.15 ± 0.127 mm, was mounted on a 4 mm metal rod. This was achieved by drilling a hole through the (approximate) centre of the sphere, then gluing the rod into the hole. The rod was placed in a perspex tank, with a depth and width of 600 mm and height of 300 mm, and held in place at the bottom of the tank with a small, circular perspex bracket. The rod length was chosen so that it extended out through a hole in the tank lid, allowing for a motor to be attached to the rod to facilitate the rotation of the rod and, hence, sphere. The experimental set-up is shown in figure 12 . The tank was then filled with water, with a thermometer affixed to the interior wall of the tank to measure the temperature of the water (seen in the left-most image in figure 12 ). Dye was injected close to the sphere using a syringe attached to a small tube, which was inserted through a filler hole in the top of the tank. This structure can be seen on the right-hand side of the sphere/rod in figure 12a . A mixture of dye, milk, alcohol and water was used to visualize the flow. The dye's density was chosen to be slightly larger than that of the water in the tank, in order to allow the dye to (eventually) sink below the equator, and so helping facilitate the visualization of the full vortex pair. The face-on images were captured on a Pentax K3 camera mounted with a 50 mm lens, whereas the top-down images were extracted from a full HD video taken using a GoPro Hero 3 camera.
For the series of experiments reported here, the temperature of the water was measured as 27 • C. Water at this temperature has a reported kinematic viscosity of ν = 0.854 mm 2 s −1 . A variable speed motor was used to turn the rod and sphere, with the speed calibrated to a DC controller and 40 V lab power supply. For the experimental results below, the motor speed was calibrated to 0.61 revs s −1 (or 2π × 0.61 ≈ 3.83 radians s −1 ), giving us a flow Reynolds number of a value almost double the high point of the range we have estimated for the Bowden & Lord [18] experiments. Some flow visualization images are shown in figures 13 and 14. As the sphere starts spinning, the dye is advected down through the boundary layer of the upper hemisphere, where it collides with the dye-free fluid in the boundary layer on the lower hemisphere. This is shown in figure 13a ; the thin boundary layer clearly visible on the upper hemisphere of the sphere, as well as the boundary-layer collision at the equator. Figure 13a ,b also shows the post-collisional vortex rollup of the starting vortex as the fluid is ejected into its surroundings. We note that only the top half of the vortex can be seen in this image due to the fact that the dye is injected only onto the upper hemisphere of the sphere. As the vortex continues to propagate out into the surrounding quiescent fluid, we see the first evidence of development of an instability in the jet (the slight 'wiggle' seen in figure 13b) , however, close to the sphere, we still see the steady boundary layer, collision and beautifully straight centreline. At a later time ( figure 13c) , we see the onset of the absolute instability. In this image, it appears as if close to the sphere, the fluid has dropped below the equator. This results from the three-dimensional nature of the flow; the absolute instability is also propagating in the azimuthal direction, leading to the movement of fluid above and below the equator in the foreground and background of the sphere. However, the boundary layer and collision/jet ejection process on the sphere is still laminar. Figure 13d , which is from a second set of experiments in which the dye has been allowed to drop below the equator (its density being slightly greater than that of the water), shows the full starting vortex, as both boundary layers (on the upper and lower hemispheres) have been coloured by the dye. Owing to the three-dimensional nature of the flow, the top of the vortex pair is partially masked by dye moving in the azimuthal direction. To the best of our knowledge, this is the first time the starting vortex that forms due to the spin-up of a solid sphere in a quiescent body of fluid has been visualized experimentally.
Turning our attention to a comparison between these experimental results and our earlier, axisymmetric computations, we first note that the Reynolds number of the experiments presented in figures 13 and 14 is approximately 14 500. At Re = 16 000, our axisymmetric simulations show the vortex pair at radial positions r = r 1 and r = r 2 at times t = 9.9 and t = 13.2, respectively (figure 10). This is consistent with the position of the vortex pair in the images at t = 9.35 and t = 13.18 ( figure 14a,b, respectively) . Our simulations show that an axisymmetric absolute instability develops near the vortex pair at t = 54.9 ( figure 6 ). The experiments show that a nonaxisymmetric instability develops from as early as t = 13.18 ( figure 14b ). This three-dimensionality could be due to a number of experimental artefacts, which could provide a suitable receptivity mechanism for the seeding of three-dimensional disturbances, including, for example, small bubbles on the sphere, or the movement of the dye-injector tube or dye as it is released close to the sphere.
There is no evidence of axisymmetric instability in our simulations below Re = 8000. However, the experiments of Bowden & Lord [18] , Hada & Ito [25] and Kohama & Kobayashi [22] indicate that non-axisymmetric instabilities occur at Reynolds numbers as low as 2600. This result, together with the early appearance of non-axisymmetric instabilities in our experiments, leads us to conjecture that the flow becomes absolutely unstable to non-axisymmetric disturbances well before Re = 8000.
Conclusion
We have considered the flow dynamics due to the rotation of a sphere, immersed in a body of quiescent fluid, that is spun up from rest. The viscous boundary layers that develop on the surface are known to result in a finite-time singularity. We have explored the post-singularity dynamics of the flow. Physically, the finite-time singularity manifests itself as a radial jet (emanating from the sphere's equator). This radial jet shows all of the characteristics of the radial jet structure first proposed by Riley [28] , in particular, demonstrating the rapid development of a self-similar structure with a jet thickness which scales with the inverse square root of the flow Reynolds number. The development of this radial jet is preceded by a starting vortex which subsequently develops into a toroidal vortex pair in which the azimuthal (i.e. swirl) component of velocity has effectively decayed to zero. This toroidal vortex pair propagates away from the sphere, and for suitably high flow Reynolds numbers, detaches from the jet. The radial jet itself undergoes an absolute instability, which our axisymmetric calculations predict occurs when the Reynolds number is of size O (10 4 ). This absolute instability propagates back towards the sphere surface, and would (we conjecture) ultimately lead to a transition to turbulence near the jet equator, as observed in the experiments of Bowden & Lord [18] and Hada & Ito [25] . These results support the conjecture of Bowden & Lord [18] that turbulent flow in this region serves to shorten the jet length observed in their experiments. Our new experiments have, for the first time, provided visual confirmation of the development of this radial swirling jet and the toroidal vortex pair which develops at the head of the jet as it penetrates into the otherwise quiescent flow. Our experiments also suggest that the absolute instability is three dimensional in nature.
We conclude by making some closing comments on the 'absolute' instability of the radial jet. Our classification is not based upon a linearized stability analysis of this temporally and spatially developing flow but upon the observation, drawn from our computational results, that the instability develops both with time and in space, in the latter case propagating upstream towards the sphere's equator. To apply any of the classical techniques for the identification of such an absolute instability (and perhaps even a critical Reynolds number associated with its onset) would require the existence of a basic flow in which the spatial and temporal scales of the instability can be separated from those of the underlying basic flow. Provided such a separation of time-and length scales is possible then classical linear theory, as used to such success for the rotating disc boundary-layer (e.g. [29] ), would allow, through the use of WKBJ techniques, the derivation of an eigenvalue problem for the complex frequency as a function of the complex wavenumber (and other system parameters). However, in the case of the radially (and temporally) developing radial jet, such a separation of scales is not possible and so such a linearized stability analysis would have no formal mathematical justification. Despite this fact, the (nonlinearly) developing instability has all of the hallmarks of one which can only be classified as an absolute one.
Data accessibility. The data from our computational study exceeds many terabytes. It would be impractical to archive this data and so difficult to make it publicly available. However, all computations were carried out using the public domain source code Semtex [26] , and thus anyone wishing to replicate our computational work could readily do so. 
